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ABSTRACT  All sizes of the chemosensory hairs on the labellum  of the  blowfly,
Phormia regina, contain  neurons  which  respond  to  chemical  stimulation  with
diphasic impulses if the recording electrode is at the tip of the hair. The impulses
are initially  positive,  then  become  negative  and  return  to  the base  line.  The
negative phase can be abolished  by the action of anesthetics  (xylocaine,  cocaine,
procaine,  chloral  hydrate)  and  tetrodotoxin,  an  extract  from  the puffer  fish.
The negative phase  is increased  by strong salts, mechanical  injury, and thermal
injury,  which  also  act  to reduce or  abolish  the  positive  phase.  Simultaneous
recordings  from  the  side  and  the  tip of the  hair show that both  positive  and
negative phases appear first at the side. These results indicate that the impulse is
initiated in or near the cell body at the base of the hair and under certain condi-
tions is propagated  antidromically up the dendrite to the tip.
INTRODUCTION
When  an  insect  mechanoreceptor  (one  in  a  mechanosensory  hair,  for  ex-
ample)  is  stimulated,  two components  can  be distinguished  in the  electrical
response,  a receptor  potential and a  propagated  impulse  (Wolbarsht,  1960).
In  this  neuron,  as  in  the  lobster's  stretch  receptor  (Edwards  and  Ottoson,
1958),  the  propagated  impulse  does not appear  to invade  the  site of origin
of the  receptor potential.  In the lobster's  stretch receptor,  the impulse  origi-
nates in the axon at some distance from the cell body and propagates  in both
directions  but apparently  does  not invade  the  terminal  portions of the den-
drites.  In the Pacinian  corpuscle  a different  situation  is found.  The impulse
originates just proximal to the receptor portion  of the membrane which  also
gives rise to the receptor potential,  and the impulse propagates back  into this
region  (Hunt and  Takeuchi,  1962).  Thus  in  some  cases  the  portion  of the
cell membrane  most  sensitive  to mechanical  stimulation  is  modified  so  that
it  will  conduct  an  action  potential.
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The labellar chemoreceptor  of the blowfly  contains  sensory neurons which
appear  to  be similar  in many  respects  to  those just discussed.  They are  bi-
polar and the impulse originates  proximal  to the  stimulus site. The receptor
site is modified with respect to the rest of the neuron  to respond  to a specific
stimulus,  in this case  chemical  rather than mechanical.
The  histology of the  labellar  chemoreceptor  has  been  studied  intensively
by many investigators  (see StUrchow,  1962, for bibliography), although some
of the fine points of the anatomy remain  to be worked  out. A diagram of the
hair as presently  understood  is  shown in Fig.  I. Each hair is hollow  and has
at  its base  a sac containing from three  to five  sensory cells.  One of the  cells
is  a mechanoreceptor  and  its dendrite  does not  go beyond  the  lumen of the
hair. The dendrites of the other neurons enter  the lumen of the hair through
a basal constriction  and bunch together  in the smaller of the two longitudinal
compartments  of the hair. The dendrites proceed  in this  compartment  up to
a papilla  on the tip of the hair  where  they end.  The outside  of the  hair  is
covered  with a hydrophobic  wax  except  in  the region  of the  tip where  the
distal orifice is located, thus allowing the chemical stimulus to come into con-
tact with the dendrites.  The hairs may vary from 50 to 300  in length, but
all are about 5  in diameter at the base and slightly less than that at the tip.
The hairs may roughly be divided into four groups (Evans and Mellon,  1962).
The  longest  is approximately  300 p or longer;  the medium,  100 to 200  in
length; the  short intermediate,  70 to  100  1i; and the shortest,  less  than  50  t
in length.
Only  the long hairs have  been  recorded  from,  in  detail,  previously.  The
impulses from those hairs have a rapidly rising  positive phase which abruptly
changes  to a  negative  phase which returns comparatively  slowly  to the base
line. The evidence of Morita  (1959)  and Wolbarsht  (1958)  indicates that the
site of impulse initiation is proximal to the neuron's entry into the hair lumen,
but their data did  not  disclose  the sources  of the  two phases.  Although  the
initial  deflection  (positive  phase)  undoubtedly  signals  the onset  of the  im-
pulse at the generation  site,  the cause  of the  negative  phase  is  not  as easily
deduced; it  could be an integral part of the impulse  at the  site  of  impulse
initiation or it might represent the propagation  of the impulse along the den-
drite  toward  the  recording  electrode.
Morita  (1959)  showed that cooling the hair slows the rise time of the nega-
tive  phase  slightly  more than  that of the positive  phase.  He  suggested  that
his data supported the latter of the two hypotheses for the explanation  of the
source  of the  negative  phase,  namely,  that it  represented  the  propagation
of the impulse along the dendrite  toward  the recording  electrode. The  same
conclusion  was  derived  by Morita  and Yamashita  (1959)  from records  ob-
tained simultaneously  from both the side and tip of the hair, since it appeared
as though both phases arrived  first at  the more proximal  recording  position
and later at the tip.
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FIGvRE  1.  Schematic  of a single labellar chemosensory  hair of Phormia (modified  from
Stiirchow,  1962).  Certain  non-nervous  elements  such  as the  tormogen  and  trichogen
cells have been  omitted. The abbreviations  used in the figure  are as follows:  CL and CS
are  the large  and small compartments  of the hair respectively; Ep is the epidermis; SC
is  the beginning  of the scolops  which extends  through  the epidermis  and  becomes  the
small  compartment  of the  hair; D shows  the dendrites  of the neurons;  Bs is  the  sack
formed from  the basement  membrane;  N indicates  the neurons. A  indicates  the axons
of the neurons  which go  back  to the central nervous  system;  0 is the orifice  at the tip
where the dendrites end.
The resolution of this problem would be more satisfactory if the two phases
could  be dissociated  from  each other  in  such  a manner  as  to confirm  their
independent  places  of origin.  Consequently,  the  present  study  was  under-
taken  in  order  to  determine  whether  differential  alteration  of the  positive
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and negative  phases of the impulse was possible.  A preliminary report  of this
work has been  published  (Hanson and Wolbarsht,  1962).
MATERIALS  AND  METHODS
All  the experiments  described  were performed  on labellar chemosensory  hairs of the
blowfly  (Phormia regina Meigen).  The recording  technique was  the same  as that de-
scribed  by  Wolbarsht  (1958,  1960)  with  modifications  introduced  by  Evans  and
Mellon  (1962)  and Morita  (1959).  The primary  stimulus in  all experiments  was  an
NaCi solution strong enough  to limit responses to the salt-sensitive or "L"  neuron.
The indifferent electrode  was inserted through the amputated  head  via the esoph-
ageal  opening  into  the extended  proboscis.  When  recording  from  the tip  and  side
simultaneously,  both recording electrodes  were  used against the same  reference elec-
trode.  The  outputs  of both  preamplifiers  were  coupled  through  capacitors  having
long time  constants  to  amplifiers  of a dual  beam  oscilloscope  for visual observation
and photography.  In records  obtained from the tips  of the hairs,  the recording  elec-
trode was a 50  u glass  capillary filled with the stimulating solution which was placed
in contact with the hair at the tip. The liquid in the capillary was also in contact with
a large  silver  chloride-coated  silver  surface  connected  directly  to the  input  grid  of
the Dc-coupled  preamplifier.
In recording  from the side of the hair care must be taken that the chemical in the
pipette does not act as a secondary stimulus. Following Evans and Mellon  (1962)  1 M
choline  chloride was used which is not a stimulus  itself nor is it synergistic with other
solutions. Also, the addition of a detergent to remove the surface wax coating greatly
assisted  in making electrical  contact with the  inside of the hair.  The detergent  used
was calgolac  (Calgon Co.,  Pittsburgh) in 0.1  per cent or less concentration.
Evaporation  causes  large changes  in the concentration  of the stimulating  solution
at the tip of the recording  electrode.  Therefore  a portion  of the solution  was always
blown  out of the tip  and wiped away  immediately  before stimulation,  thus  initially
ensuring  a stimulus of known concentration.
The anesthetics  used were cocaine  chloride,  procaine hydrochloride,  tetrodotoxin,
xylocaine hydrochloride,  and chloral  hydrate, all  of the usual pharmaceutical  grade.
The choline  chloride solutions were always made from freshly recrystallized  material.
RESULTS
I.  Observations of Impulse Shape Correlated with Hair Length
A  description  of the  shape of impulses obtained  by normal  stimulation  must
precede  any  discussion  in  which  deductions  are  made  from  experimental
alterations of impulse  shape.  In the  Phormia chemoreceptors  the  normal im-
pulse differs  somewhat in  shape depending  on  the  size  of the hair. Records
from the  short hairs  indicate  a biphasic  impulse  having a  negative  phase  as
large  and  sometimes  larger  in  amplitude  than  the  positive  one  (trace  A  of
Figs. 2 and 4).  Impulses recorded from the longest hairs show a nearly mono-
phasic  positive  pulse sometimes  having a slight negative  tail  (trace A of Figs.
3  and  5).  Impulses from the intermediate hairs lie somewhere  between  these
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extremes. There  is,  then, an  inverse correlation  between hair length and  the
magnitude of the negative  phase.
II.  Alteration  of  the  Negative Phase: Effects  of Anesthetics
If  the  negative  phase  is  caused  by  the  action  potential  being  propagated
antidromically  along  the  dendrite,  local application  of an  anesthetic  would
presumably  block this dendritic  conduction.  Because  of the unique structure
of the hair,  this can be quite easily accomplished:  application  at the  tip by a
pipette in the same manner  as a stimulating solution allows the  anesthetic  to
enter the lumen of the hair through the distal orifice and  bathe  the dendrite
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FIGURE  2.  Response  of a short  chemosensory hair  to stimulating  solutions  applied  at
the tip. A, I M  NaCl immediately after application; B,  2 per cent xylocaine  +  I M  NaCI
immediately after  application  (follows  A);  C, 1 M  NaCI  15 seconds  after reapplication.
Positive at the recording electrode  is up.
as it diffuses  down the interior of the hair.  Several classical  types of anesthe-
tics were used  which block  impulses in other  types of nerves  (Shanes,  1958)
as  well  as  tetrodotoxin  (Dettbarn  et  al.,  1960).
A  typical record  of the action  of these  drugs on  a  small hair  can be  seen
in Fig.  2  where  the  anesthetic  abolished  the negative  phase.  This effect  was
found  to  be reversible  if the  anesthetic  was  not  left  on  too  long  (Fig.  2C).
However,  if the application  of anesthetic  is  prolonged,  the  disappearance  of
the  negative  phase  is followed  by a gradual  diminution and  abolition  of the
positive phase also.
All the anesthetics  used had the same qualitative effect.  The order of con-
centration necessary  to achieve  the same  level of suppression  of the negative
phase  is  approximately  as  follows:  2  X  10- 9 gm/ml  tetrodotoxin  =  2  per
cent  xylocaine  =  2  per  cent  chloral  hydrate  =  10  per cent  cocaine  =  10
per cent procaine.
The  same phenomenon  was  also seen  in  the  other sizes  of hairs provided
that  the  proper  type  and  concentration  of anesthetic  were  selected  (Fig.  3,
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for example).  In general,  the longer the  hair the more potent was the anes-
thetic  required.  For  example,  tetrodotoxin  abolished  the  negative  phase  in
short hairs in concentration  of 10-9 gm/ml, whereas  10-s gm/ml was needed
for medium length hairs, and  for long hairs  10- 7 was required.
Under the conditions of these experiments the anesthetics, when used alone,
often elicited a vigorous response from the L neuron  (Fig.  3).  Activity in the
B  l  llli  l  JJ  lll  I I  I
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FIGURE  3.  Response  of a long  chemosensory  hair  to stimulating  solutions  applied  to
the  tip. A,  1 M  NaCI; B, tetrodotoxin  (2 X  10-3 gm/ml)  approximately 2 seconds  after
application;  C,  same as  B,  60 seconds after  application.  Positive at the  recording elec-
trode is up.
other  neurons  was  not usually  seen.  This response  was  approximately  pro-
portional  to  the  concentration  of the  anesthetic  and  appeared  to be  inde-
pendent  of the blockage  of  the negative  phase.  Tetrodotoxin,  for  example,
did not stimulate the  short hair below  1 X  10-4 gm/ml although it had the
capacity to abolish the negative  phase at concentrations  as low as 2  X  10-9
gm/rml.
III.  Alteration of the Positive Phase: Effects  of Exhaustive Stimulation
The positive phase  of the impulse could also be suppressed  independently  by
exhaustive  stimulation  with  concentrated  salt  solutions.  The  gradual  sup-
pression  and  final  elimination  of the  positive  phase  after  approximately  75
seconds  of continuous stimulation  of a  small hair with 2  M  NaCl are  shown
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in Fig.  4. The negative  phase  increases  as the positive phase  decreases,  until
a point is reached beyond which both diminish and later disappear  (the latter
not  illustrated).  The  sharp  leading  edge  of the  negative  phase  can still  be
observed  after  the  positive  phase  has disappeared.
As would be expected,  a similar effect is seen in the long hairs although not
as rapidly and to  a smaller extent.  However, when  the hair was cut off and
~~~A-SH+~~~~~~I
12mv
F
0. I sec.
FIGURE 4.  Excerpts  from a continuous record of response  of a short chemosensory  hair
to 2 M  NaCI  applied  at the tip. Approximate  time  after application for  each trace:  A,
0.1  second;  B,  15 seconds;  C, 30 seconds;  D, 45  seconds;  E,  60 seconds;  F,  75  seconds.
Note in F that the initial positive  phase of the impulse has disappeared.  Positive at the
recording  electrode  is up.
the pipette containing the stimulating  solution was placed over the remaining
stub,  this  process  was  both  accelerated  and  accentuated.  This  is  shown  in
Fig.  5, with a typical record  from a long hair which has impulses with rela-
tively small negative phases  (Fig. 5A).  The impulse  shape is not immediately
altered upon  application  of the salt solution  to the  cut end  (Fig.  5B).  Cont-
tinued  stimulation  produces  an  impulse  with  much  the  same  shape  (Fig.
5C)  as a typical  impulse  from  any small  hair  (Fig.  2A).  Morita  (1959)  has
also noted impulses from long hairs with suppressed  or absent positive phases
obtained  from what he terms  "deteriorated"  materials.  He did  not describe
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the recording conditions in detail  although the  high temperature,  28°C, was
probably  the  injurious  factor  in  his  experiments.  Unfortunately,  the  effect
of elevated  temperatures  is  all  too  easy  to confirm,  for  if the preparation  is
overheated  for  any  reason  the  occurrence  of the  waning  positive  phase  in-
dicates  that  the  preparation  will  henceforth  be  both  unreliable  and  short-
lived.
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FIGURE  5.  Response  of a long chemosensory  hair  to  stimulating  solutions  applied  to
the  intact tip and  to the cut end of the hair.  A,  I M  NaCI applied  to the tip of intact
hair;  B, 1 M  NaCl  applied  to the proximal  cut end immediately  after  cutting  the hair
approximately  in half;  C,  40 seconds  later.  Positive  at the recording  electrode  is up.
IV.  Simultaneous Recordings of  the Impulse from  Different Portions of the Hair
In an  attempt  to  confirm  the results  of Morita  and  Yamashita  (1959),  we
recorded  simultaneously  from  the  tip  and  side  of short  intermediate  hairs
(about  100  p)  which  had  impulses  with  large negative  phases.  The  results
obtained agree qualitatively with theirs as illustrated in Fig.  6.  In the response
obtained  from  the  more  proximal  position  the  positive  phase  peaks  earlier
and returns  to the base line later than at the tip.
DISCUSSION
It  appears  from our results  that the  positive and  negative  phases  of the  im-
pulses have independent origins and thus  can  be  considered  separately.  The
positive phase  is generated  on or near  the cell  body and  spreads  in both di-
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rections along the axon and back up along the dendrite.  There is a very tight
constriction  somewhere  near the  base  of the  hair which presumably  acts  to
prevent  extracellular electrical  leakage between  the  interior  of the  hair and
the body fluid. Hence  the  resistance pathway from the  tip to the site  of im-
pulse  initiation  is lower  through  the dendritic  membrane  than by the extra-
cellular  pathway with  its  constriction  at  the base  of  the hair.  Thus  the  im-
I2 
FIGURE  6.  Response  of a  short intermediate  hair  (approximately  100  long)  to  I  M
NaCl applied at the tip and recorded from the tip and side by electrodes located  as shown
by the broken lines in the diagram. The tip electrode contained  1.0 M  NaCI and the side
electrode contained  1 M  choline chloride. Positive at the recording electrodes is up. Note
that the positive phase reaches  its maximum  in the proximal electrode  before it does in
the distal  electrode  and that the negative  phase  persists at the  proximal electrode  after
it has begun to fade at the distal electrode.
pulse  is  seen  with  an  initially  positive  phase.  However,  when  the  impulse
passes  through  the  constricting  space  and  enters  the  lumen of the hair,  the
opposite  situation  prevails and the  impulse  appears  negative.  The transition
from the positive  to the negative  phase is very rapid, reflecting  the short time
that the impulse takes to pass  the small distance  of the constriction.
A similar type of situation in which a positive impulse is recorded externally
has  been  discussed  by  Wolbarsht  (1960)  for  the  insect  mechanosensory
hairs.  However,  in these hairs the impulse does not invade the site of impulse
initiation  and the impulses are  positive and monophasic.  The chemoreceptor
mimics  this monophasic behavior under the influence of anesthetics  when  the
impulse  is  prevented  from  invading  the  dendrite.
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Under other conditions,  such  as exposure to  strong salts  or when  the hair
is deteriorating,  the impulse  is  either initially  negative  or has  a  very  much
reduced  positive phase.  This indicates  that the site of impulse  initiation  has
shifted  distal  to the  constriction  presumably  due  to  the  extensive  depolari-
zation. It is unlikely that this is due merely to the shunting action of the strong
sodium chloride  solutions  because  the  height of the  remaining  phase  is  not
changed.
Just how far along the  dendrite  the impulse  actually  progresses  is not cer-
tain. The short hairs have  a larger sized negative  phase and a shorter time  is
required  for  the  anesthetic  to  diffuse  and  block  the  conducting  regions  in
them than in the long hairs. Thus it appears as if the impulse progresses along
a larger fraction  of the  short hairs than of the long ones.  Otherwise  all hairs
on the  labellum regardless  of the length are, except  for the difference  in the
sizes  in  the  negative  phase,  generally  similar  in  their  electrical  properties.
This  is undoubtedly  a  reflection  of their similarities  in structure.
The effect of procaine and various other anesthetics on the labellar neurons
and in other nerves such  as the  giant axon  of the  squid  (Taylor,  1959)  is  to
block conduction of the impulse. One effect of anesthetics on nerves in general
is to keep the ion permeability low and to maintain  a nerve in a hyperpolar-
ized  condition  (Shanes,  1958;  Taylor,  1959).  Our work,  however,  indicates
that the impulse is blocked by some effect of the anesthetic other than hyper-
polarization.  All  the anesthetics  act as stimulants  or depolarizing  agents  for
the salt fiber while nevertheless  blocking impulse conduction  in the dendrite.
Also, the positive phase of the impulse is recorded passively through the mem-
brane on the dendrite  and is not decreased  in amplitude when the anesthetic
is  acting  here.  The decrease  in  the  amplitude  of  the  positive  phase  occurs
later and is due to the action of the anesthetic on the cell  body. This suggests
that the resistance  of the dendritic  membrane of the chemosensory  neuron  is
not increased  by the action of the anesthetic.
For  a  considerable  time  after  the  change  in  impulse  shape  occurs,  little
change  is seen in impulse frequency.  The conclusion may therefore be drawn
that the drugs do not affect the spread of the receptor potential from its origin
at the hair tip to the site of impulse  initiation.
The  evidence  available  indicates  that impulse  conduction  along  the  den-
drite is not necessary for the normal activity of the chemosensory  neuron. To
be sure, the  presence  of impulses under the influence  of anesthetics  is  insuffi-
cient evidence  of physiologically  correct function,  but impulses occur in nor-
mal hairs in which the negative  phases  are absent or weak,  as in long hairs.
However,  invasion  of the  dendrite  by  the  impulse  does  not  imply that  the
chemosensory  portion  of the  membrane can conduct  impulses.  For example,
the dendritic membrane may be made up of portions of normally conducting
nerve  membrane  along  with  many different  non-conducting  patches  which
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can specifically change their permeability in the presence of a particular  class
of chemicals.  This theory,  the patchwork  nature of the dendritic membrane,
is  similar to that postulated for the mammalian taste receptor  by Pfaflmann
(1959)  which takes  into account the possibility that many separate  and speci-
fic receptor  sites  may exist on each neuron.
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